A volumetric modulated arc therapy (VMAT) approach to total body irradiation (TBI) has recently been introduced at our institution. The planning target volume (PTV) is divided into separate sub-volumes, each being treated with 2 arcs with their own isocentre. Pre-treatment quality assurance of beams is performed on a Sun Nuclear ArcCHECK diode array. Measurement of junction regions between VMAT arcs with separate isocentres has previously been performed with point dose ionization chamber measurements, or with films.
| INTRODUCTION
Total body irradiation (TBI) is a conditioning regimen used for suitable patients with haematological malignancies receiving hematopoietic stem cell transplantation. In conjunction with chemotherapy, TBI kills malignant cells, and performs an immunosuppressive role to prevent immunologic rejection. Patients are conventionally treated on a linear accelerator (linac) at an extended source-to-surface distance (SSD) using static anterior-posterior/posterior-anterior (AP/PA) or parallel opposed beams. A nominal prescription of 12 Gy in six fractions is used at our institution. The dose is prescribed to the midline of the patient with the goal of delivering a homogenous dose, assisted by tissue compensators or shielding blocks to boost or limit dose to required areas. The doses from these techniques eradicate malignant cells, but also result in significant acute and chronic toxicities in normal tissue and organs at risk (OAR). Interstitial pneumonitis is the major dose limiting toxicity for TBI, with lethal pulmonary toxicity correlating to the mean lung dose, driving a mean dose goal of 8 Gy. 1 There has been a recent trend toward advanced techniques that take advantage of inverse planned modulated arc capabilities available with modern treatment planning systems. These techniques aim to spare OARs and healthy tissue, and selectively target malignant tissues. Further advancing the TBI technique led to total marrow irradiation (TMI) and total marrow and lymph node irradiation (TMLI) allowing selective targeting of the bone marrow and lymphoid tissue, and further sparing of normal and organ tissues. Helical tomotherapy (HT) based methods have been used for TMI/TMLI 2-5 as well as TBI. [5] [6] [7] Using conventional linacs, intensity modulated radiotherapy
(IMRT) TMI delivery proved feasible, 8, 9 however, the predominant linac approach utilizes volumetric modulated arc therapy (VMAT) 16 and diode array (ArcCHECK). 17 Junction measurements are seldom reported on. Our institution has previously used film with an anthropomorphic phantom. Aydogan et al. 14 reported on the measurement of the junction regions in VMAT TMI, using a pinpoint ionization chamber (0.0125 cm 3 ) in a water phantom. Measurements were made at relatively low dose gradient points and evaluated using the differences in the measured and planned absolute dose measurements.
Our institution utilizes the ArcCHECK (Sun Nuclear Inc, Melbourne, FL, USA) diode array with a 3%/3 mm global gamma analysis (10% threshold) in SNC Patient version 6.6.2, with the ArcCHECK measurement uncertainty factor applied, for all routine VMAT QA.
As such we have used the ArcCHECK array for dosimetric verification of all VMAT TBI beams, including junction measurements. The
ArcCHECKs SNC Patient software can easily be used to measure a long field or two arcs with a shared isocentre, but requires some manipulation to measure a junction region between two VMAT arcs with separate isocentres. This study demonstrates a method to measure the dosimetry of a junction region between two adjacent VMAT TBI arcs from separate sub-volumes (i.e., separate isocentres) with the ArcCHECK diode array.
| MATERIALS AND METHODS
A total of 5 mm slice thickness CT images of our TBI patients are obtained from the top of the skull to the mid-thigh. The PTV region (whole body, lungs contracted, skin contracted) is divided into subvolumes of the head, chest, abdomen, and pelvis. Each sub-volume receives a centrally placed isocentre arranged along the patient's longitudinal axis with identical lateral and AP coordinates to limit couch movements during treatment to longitudinal shifts only [ Fig. 1(a) ].
Each isocentre receives two 360 degree VMAT arcs. As per previous planning studies, offset arcs with a 4 cm overlap and 90°collimator produced the best dose distribution. 11, 13, 14 Measuring of a junction region between two sub-volumes offers some obstacles, namely that the central measurement area is not centered around an isocentre, but toward the field edges. In its normal operation, the isocentre of the beam to be measured (or shared isocentre of two beams) is placed at the center of the ArcCHECK phantom in the TPS. In the case of the junctions, the junction region needs to be placed at the center of the isocentre (Fig. 3) . In Pinnacle, this requires the creation of a mock static beam and isocentre halfway between the isocentres of the junctioning beams that is then placed at the ArcCHECK center. The superior/inferior distance between the two isocentres, which is dictated by patient anatomy, is recorded as '2x', with 'x' therefore being the distance to the central junction region (the isocentre of the mock static beam). Note that the distance '2x' in Fig. 3 should not exceed 16 cm to ensure beams do not irradiate the phantom electronics.
The ArcCHECK is setup with the linac isocentre at the + 80 mm location, and the couch is then translated toward G by the distance 
| RESULTS
The VMAT TBI single fraction dose distribution analysis for a representative patient using SNC Patient 6.6.2 is shown in Fig. 4 . Displayed are the measured and TPS planned dose distributions for the head sub-volume, chest sub-volume, and junction between these two. Measured and TPS dose distributions for each junction can be shown to closely match. Table 1 demonstrates agreement between the measured and planned dose distributions for all arcs for this patient, using a 3%/3 mm gamma analysis. Pass rates for arc junctions were found to be consistent with individual arc measurements, and all were greater than 97.5%, above the 95% tolerance required for normal clinical VMAT arcs at our institution.
F I G . 3. ArcCHECK setup method for measuring junction between two arcs from adjacent sub-volumes, i.e., two overlapping arcs from separate isocentres. While the 3%/3 mm gamma analysis metric is routinely used in the clinical environment for pre-treatment QA of VMAT and IMRT plans, it is worth noting studies such as those by Fredh et al., 24 Heilemann et al., 25 and Nelms et al. 26 tom that introduces an extra 9.1 cm of high density polyethylene for long field measurements (Fig. 5) , however, our institution has yet to investigate its impact on QA pass rates for such fields.
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This technique is of course not limited to TBI, it can be applied to any treatment modality in which junctions exist between VMAT fields, and has been utilized at our institution for VMAT CNS treatments.
| CONCLUSION
This study demonstrates how to use the commercially available Arc-CHECK phantom and software for dosimetric analysis of the junction region between two VMAT arcs with separate isocentres in the context of VMAT TBI. This technique requires no extra equipment beyond what is already used for routine QA, and provides dosimetric confidence for the junction regions of overlapping arcs.
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